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ABSTRACT
While flame spread through uniform fuel-air mixtures has been widely studied in
combustion science, there has been relatively little attention given to the study of nonhomogenous, or layered, fuel-air mixtures.

However, these systems are common

occurrences in such cases as terrestrial fuel spills and fuel leaks in both normal and
microgravity. Conducting research on layered fuel-air mixtures and understanding the
properties of flame propagation has potential implications for fire safety (both on earth
and in space), as well as being of fundamental interest. The main objective behind this
study is to determine flame speed, flammability regions, stability limits, and the shape of
a flame propagating through a free, layered fuel-air mixture, as opposed to flame spread
though layered mixtures over a solid surface, which had been previously studied. A free
layer eliminates contact between the flame and the floor, which in turn reduces heat
transfer and flow field effects. Such a system also simulates a fuel leak in microgravity
conditions where the fuel vapor can be distributed by the slow ventilation flows, or a leak
in normal gravity where a light fuel can ride in a plume.
The system chosen for study consists of a 79 cm long, roughly 10 cm 2 flow duct.
A heated, porous bronze, fuel emitting airfoil is positioned 10 cm from the inlet along the
centerline while a slow stream of air is blown parallel to the airfoil, creating the layered
mixture in the laminar wake region. To design the flow duct geometry, a 2-D, multispecies, non-reacting numerical model of the system was developed using the FLUENT
CFD software. This model accounts for diffusion and temperature of the fuel, which was
ethanol in this study. The model provides a better understanding of the characteristics of
the flow in the experimental apparatus, such as predicting velocity profiles, fuel
concentration, and an estimated flame shape. Modeling results show that the flammable
region in the duct is approximately 1 cm thick.

The modeling results were used to

position the igniter for the experimental runs, and to choose the inlet velocity and airfoil
temperature.
Analytical calculations were also performed to determine the conditions under
which a stable, stationary (i.e. non-propagating) flame could exist in the wake of the
airfoil.

In this configuration, the velocity of the propagating flame is balanced by the
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convective velocity of the fuel/air mixture.

The calculations also show the precise

locations in the flow field wherein a stoichiometric fuel/air mixture exists.
Once the geometry was characterized numerically, cold flow and combustion tests
were performed.

Cold flow testing included smoke tests which visualized the flow to

ensure a steady, laminar quality, as well as hotwire anemometer and thermocouple scans
to measure velocity and temperature profiles, respectively; all of these agreed with model
predictions.
Preliminary experimental results show that it is possible to obtain a propagating
flame in a non-uniform free 1ayer with flame spread rates ofup to 180 cm/s in flame
fixed coordinates.

If conditions where optimal, a triple flame structure would form.

Image sequences of the side view of the flame spread, along with spread rate, are
presented in this thesis.
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1.1

INTRODUCTION

Motivation
The overwhelming majority of flame studies of gases found in the combustion

literature focus on either uniform, premixed systems or completely non-premixed
systems (Glassman, 1996). It is well known, for example, that in the absence of flow field
or geometrical effects, a flame will propagate through a uniform, premixed fuel-air
mixture at a constant speed (called the laminar flame speed) that is a function of the
chemical kinetic reaction rate and thermal diffusivity as well as equivalence ratio of the
mixture. For most hydrocarbon/air mixtures, the maximum laminar flame speed is on the
order of 40 cm/s. Examples of premixed systems include Bunsen burners, gas stoves and
internal combustion engines.
In non-premixed systems, the fuel and oxidizer remain on opposite sides of the
flame and meet at the flame front. Examples of non-premixed systems include candles,
droplets and sprays. These flames are often called diffusion flames because molecular
diffusion of fuel and oxidizer is often the controlling parameter.
Many practical systems, however, cannot be classified as either uniform
premixed, or completely non-premixed. One such system is a non-uniform, or layered,
fuel-air mixture. Although this type of system is a common occurrence in such cases as
fuel spills in normal gravity and fuel leaks in microgravity, there has been comparatively
little attention given to the study of non-homogenous fuel systems.

From the few

previous studies, it has been shown that flames spreading through layered fuel-air
systems can propagate four times faster than typical laminar flame speeds.
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Although they have received relatively little attention in the literature, nonuniform fuel-air mixtures are common occurrences in real-life combustion situations.
They are present in fire hazards such as automobile and aircraft crashes, chemical spills,
and underground mining situations.

Flames spreading through layered systems are

known to propagate over fences and even past the end of a fuel spill. Layered systems
can also occur on board a spacecraft and therefore can present a realistic danger (Miller,
et al. 2000, 2001, 2002).
Conducting research on layered fuel mixtures and understanding the properties of
such flame propagation has practical relevance in terms of fire safety, both on earth and
in space. A better understanding of flame propagation under these conditions can aid in
the design of automobiles and other forms of transportation, chemical plants and storage
facilities, and spacecraft/stations all from a safety aspect to prevent the propagation of
such flames. A better understanding of non-uniform premixed flame propagation can
also result in development of systems that extinguish fires more effectively.
Another important aspect of this research is to gain a fundamental understanding
of the underlying physical phenomena of free layer fuel mixtures. These aspects include
studying the effects of the fuel concentration gradient as well as the effects of buoyancy
on the flame.

Specifically, the objective is to understand the flame structure and

determine what makes these flames spread so fast, as has been shown in prior research
described below.
1.2

Literature Review
During the past three decades several experimental and theoretical studies have

been performed on flame propagation through non-uniform premixed gas systems
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(Kaptein and Hermance, 1976; Feng, et al., 1975, Ishida, 1988 and Miller et al, 2002).
Each of these studies has focused on flame spread above a solid surface. T his thesis
presents the results of a new experimental study aimed at developing and testing an
apparatus to study the propagation of flames through free, stratified fuel/air mixtures. A
review of the previous literature is provided in the following sections.
1.2.1

Free Layers
Phillips (1965) at the Safety in Mines Research Establishment studied the shape

of a flame propagating through a fuel layer with no surface boundaries.

This free,

stratified fuel/air system was generated using a flow duct with a converging observation
window (to stabilize the flame).

A stream of pure fuel, methane in this case, was

introduced at the entry of the duct near the roof while air was let in the lower part of the
chamber. A partition separated the two flows near the entry until they passed through a
mixing section. The stream then p assed through a flow chamber into t he observation
region where the flame was ignited. The flame was stabilized if the fuel and air flows
were adjusted to the point where the flame speed and the gas velocity were equal. The
results showed what became known as a triple flame. Characteristics of a triple flame
include a very broadly curved flame front, where the leading edge was centered about the
stoichiometric limit. The top half of the curved flame front is a rich premixed flame, and
the bottom half a lean premixed flame. A trailing diffusion flame is formed in the wake
of the flame front between the two premixed flames. Figure 1 shows an image of a triple
flame as seen from the side in one of Phillips' experiments.
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Flow
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Figure 1: Triple flame propagating through a fuel layer with no surface boundaries (Phillips, 1965).

Hirano and coworkers (1980) developed a two dimensional numerical model to
simulate the gas movement ahead of a propagating flame. One case that was modeled
consisted of a uniform stream of air and fuel through which a flame spreads, surrounded
by pure air. This stream was assumed to be in free space. This assumption is important
as it eliminates any surface effects from walls, floors, and ceilings. A diagram of the
model employed by Hirano and coworkers is shown in Figure 2.
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Figure 2: Schematic diagram of flame spread model (Hirano, 1980).

There were several assumptions made in developing the model. For simplicity,
the model assumed the flame propagation to be two-dimensional. Since the fuel mixture
immediately before the flame front experiences sudden velocity changes, effects of
viscosity on the flow were neglected, resulting in an inviscid model.

The flow was

modeled as incompressible since the flow is well below the sonic regime. The flow field
was simulated as a "surface" where the tip of the flame front was positioned.

This

"surface" was generated using a line source in the 2D code. Since the flame shape cannot
be determined before the model runs, a point source, simulating burned gas behind the
flame front, takes into account the thermal expansion of the gas, resulting in the shape of
the flame in the model. And while the flow is incompressible, this density of this hot gas,
lower than the flow density, is taken into account in the strength of the line source. The
model was developed with equations that were derived to represent the flow field, which
included stream functions, velocity potentials, and densities.
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The model ultimately predicted that the flammable layer just before the flame
front expands.

This result is due to disturbances from the movement of the flame

propagating towards the unburned flammable mixture. Flame speeds were also predicted
as a function of the mixture equivalence ratio according to the following relationships

S = 0.33 - 0.067
Vf

forf < 1
1.1

S = 0.33 -0.067
Vf

)

for f > 1.1

1.1

where S is the normal burning velocity, Vf the flame velocity in flame coordinates, and Of
the equivalence ratio. Hirano and coworkers also found that the maximum flame
propagation occurs when 4f = 1.1. From the results above, this gives a propagation speed
of around 4 times that of the laminar flame speed.
1.2.2

Floor or Ceiling Layers
The earliest reported work on flame propagation through layered mixtures was

done in 1965 by Phillips at the Safety in Mines Research Establishment. Experiments
were conducted to characterize the behavior of flames propagating through a layered
mixture along a ceiling or roof. This configuration is especially important to the mining
industry where gases can collect along the roof a mine thus creating a flammable layered
mixture.
This experimental setup consisted of an open-base gallery with a porous roof.
85% Methane mixed with nitrogen (which would not affect the concentration
measurements) was allowed to diffuse through the porous roof and was distributed in a
uniform manner all along the length of the gallery. The thickness of the flammable layer
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was governed by the molecular diffusivity of the gas mixture and the period of time
during which the mixture was allowed to diffuse prior to ignition. . To ignite the system,
a continuous spark igniter was placed at some distance from the roof, varying for each
run.
Phillips found that the flame traveled through the mixture at a speed of nearly 183
cm/s, which is approximately 4.5 times faster than the average laminar flame speed of 40
cm/s for methane. Several experiments were done with fuel concentrations ranging from
an equivalence ratio of zero to well above the rich flammability limit. Results showed
that the thickness of the fuel layer had no effect on the flame speed. However, the flame
volume depended on the amount o ffuel in the system. I t was also noted that, as the
roughness of the porous roof increased, the flame speed slowed.
Feng, Lam, and Glassman (1975) studied the behavior patterns of flames through
a layered system of methane and air. In their study, the methane was not allowed to
diffuse through the air. Rather, i t w as s etup as a c ombustible 1ayer o fh omogeneously
mixed methane-air on top of a layer of pure air.

The experiments began with a

rectangular gallery with a removable separator plate that could be set at various heights.
Premixed fuel was injected into the top of the gallery, then the separator plate was
removed and ignition took place.
The results showed that that the flame speed was related to the thickness of the
combustible layer with respect to the gallery height. The flame speed increased as the
ratio of the gallery height to the thickness of the combustible layer decreased. As the
flame speed increased, the acceleration of the flame decreased. The only steady flame
propagation speed was obtained when the gallery was set at its maximum height, which
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was 22.3 times the size of the combustible fuel layer, approximately 16 in. (40.64 cm).
The flame speed was reported as 188 cm/s, very similar to the results of Phillips (1965).
The experiments o f F eng and coworkers w ere p erformed in conjunction with a
variety of analytical models that the group had developed. The first model showed that
the flame speed is fastest, around 3 times that of the laminar flame speed, when the
gallery's height is infinite. A second model dealt with a gallery with a finite height. This
model predicted a steady flame speed for the gallery at its maximum height, which
agreed with their experimental results.
Liebman and coworkers (1970) at the US Bureau of Mines studied the
propagation of flames through heavier gases concentrated along floors and lighter gases
on ceilings.

Fuels that were studied included butane, propane, and propylene, at

concentrations of 17% and 100%. It should be noted that all of these concentrations are
in the fuel rich region. For the tests, the fuel was injected into variable height gallery at
floor level. A soap film separator kept the fuel from diffusing into the gallery. When the
correct mixture was obtained, the soap film was ruptured and the fuel was allowed to
diffuse for a given amount of time, depending on the fuel layer thickness. After the fuel
had diffused, a flame was ignited by use of a spark igniter.
Their experiments resulted in a flame spread rate that was approximately 3 times
the laminar flame speed. These results were comparable to those of Phillips (1965) and
Feng, et al. (1975). However, investigations concluded that the velocity of the flames
were dependant upon thickness of the flammable zone and concentration gradients.
Liebman and coworkers (1970) noted that the smaller the combustible layer, the slower
the flame speed, which contradicted the conclusions of Phillips (1965). Results showed
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an increase of about 15 cm/s as the flammable layer thickness increased from .1 to .5 in.
(.25 to 1.25 cm). These tests also included the use of an interferometer to analyze the
fuel vapor concentration before and during ignition. The results showed that the fuel
layer was disturbed by the movement of the flame as far as 10 cm in front of the flame.
The researchers also noted that flames propagated through regions that are considered
below the lean flammability limit for uniform mixtures, which can be directly related to
the influence of combustion in closer fuel rich zones.
Kaptein and Hermance also studied the behaviors of flames propagating through a
layered fuel-air system (1976). Their experimental apparatus was a 240 cm x 25 cm x
8cm open trough with plexiglass walls. The bottom of the trough was a wire mesh
screen, which supported 100 micron glass beads. The apparatus was lowered into a fuel
tray just enough to wet the bottom of the glass beads. Fuel was pulled to the top of the
glass bead layer by capillary action and diffused vertically into the trough. The thickness
of the layer depended upon the diffusion time. As the diffusion time increased, the layer
thickness increased. Different fuels studied were benzene, hexane, heptane, and methyl
alcohol.

A hotwire was positioned at one end of the trough at approximately the

stoichiometric mixture level.
Results of their study concluded that flames propagated through a layered mixture
at velocities of 2 m/s to 4 m/s. The propagation speed depended upon which fuel was
used as well as the thickness of the flammable layer.
increased as the flammable layer thickness increased.

For each fuel, flame speed
Hexane produced the slowest

propagation velocity at 180 cm/s a flame spreading through methyl alcohol propagated at
the fastest, reaching 431 cm/s. As in previous examples of prior research presented
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above, the flame structure proved to be that of a triple flame, with a rich wing, a lean
wing, and a trailing diffusion flame along the centerline.
1.3

NASA Layers Project History
Research on the gravitational effects on flames spreading through layered fuel-air

mixtures formed by evaporating liquids is currently being conducted at NASA Glenn
Research Center and Rowan University (Miller, et al, 2000, 2001, 2002). The "NASA
Layers Project" has been ongoing since 1996. Various alcohols have been tested under
normal and microgravity conditions. To date, the focus has been on cases where the
mixture i s a t s toichiometric c onditions o r w here i t i s fuel lean. Computer models are
being developed at Rowan University (Marchese, 2000) while experiments are conducted
at NASA Glenn Research Center.
1.3.1

Experimental
The emphasis up to now has been on quiescent tests wherein flames spread along

the bottom of a gallery that contains the fuel. The gallery is 80 cm (31 inches) long and
has a 10 cm (4 inch) square cross section, and can be used in experiments conducted both
in normal and microgravity. The experiment consists of one aluminum and one Lexan
sidewall, with a removable Lexan top. The base of this original Layers gallery is a fuel
tray covered with porous bronze plate. This apparatus is shown in Figure 3.
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Figure 3: NASA Layers porous plate floor apparatus (Miller, et al., 2002).

Before the experiments, fuel is poured though the porous bronze frit into the
temperature controlled fuel tray. A cover is then placed over the frit. Any extraneous
fuel vapors are exhausted from the duct with a fan. When the tray reaches its sought
operating temperature, an actuator slides the cover off the frit. The fuel is left to diffuse
for a certain amount of time, between 5 and 60 seconds. This diffusion time controls the
thickness of the layer and is controlled by a timer relay. When the time expires, the hot
wire igniter is automatically fired. As the flame spreads, cameras and an interferometer
record data. Results from these tests have shown that the flame speed is a function of the
temperature of the fuel as well as the diffusion time. However, this is more of an effect
of the maximum fuel concentration in the layers rather than the actual layer thickness,
which is controlled by the temperature.

Figure 4 is an image of a flame spreading

through a layered propanol-air mixture at 27 ° C.
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Figure 4: Flame spread through a layered propanol/air mixture above a 27°C porous solid surface in
normal gravity (Miller, et al., 2002).

Other conclusions of this work are related to with the effect of the microgravity
environment. Before this project, there had been no studies of flame spread through nonuniform mixtures in microgravity conditions.

The 2.2 second Drop Tower at NASA

Glenn Research Center was used to obtain microgravity conditions. Results showed a
number of phenomena due to the effects of buoyancy.

The height of the flame was

shown to be higher in microgravity than in normal gravity. Also, the flame spread rate
was higher in microgravity conditions. In some cases, flames spread at rates as much as
80% faster in microgravity than in normal gravity (Miller, et al., 2002).
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1.3.2

Numerical Modeling
A numerical model was developed in concurrence to the experiments performed

with the porous plate apparatus. Its purpose served as a means of predicting the outcome
of experimental results, taking into account effects of such properties as diffusion time,
chemical kinetics of the system, as well as the surface effects stemming from the contact
with the porous bronze. The model can also be used to investigate quantities not
measured in the experiment, such as the velocity or temperature fields.
This model was adapted from a model originally developed by Schiller and
coworkers (1996) to model flame spread across a liquid fuel surface as opposed to a solid
boundary. As detailed in the previous reference, the numerical model uses the SIMPLEC
algorithm (Pantankar, 1980) and a hybrid differencing scheme to solve the gas-phase
continuity, species, energy, x-y momentum equations and the liquid phase energy and x-y
momentum equations.
In the work conducted at Rowan University prior to the present thesis, the effects
of gravity on flame propagation through layered premixed gas mixtures were examined
by simulating ignition and flame spread across propanol/air, methanol/air and ethanol/air
mixtures at various initial pool temperatures in the superflash regime at normal gravity
and at microgravity. To date, propanol/air results have been studied in the most detail.
Propanol/air was selected because the predictions of the model with this fuel agreed best
with experiments that were done with subflash pools (Schiller, et al., 1996). Ethanol has
also been modeled, but the results have not been compared with experiments.
As shown in Figure 5, to simulate the experimental rig currently in use at NASA
Glenn, the liquid tray was modeled as an 80 cm liquid surface with a fuel depth of 2 mm.
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The height of the gas phase above the liquid pool was 10 cm.

The gas phase was

modeled as closed at the ignition end of the domain and open at the top and right hand
sides of the domain. The rectangular numerical domain used in this study consisted of
112 grid points in the x-direction, with 82 grid points in the gas phase y-direction and 32
grid points in the liquid phase y-direction.
To simulate the experiments, the model was initially run for a specified time
period (e.g. 10 seconds) without introducing the ignition source. During this period, a
time step of 5 ms was used. This allowed the fuel to vaporize at the pool surface and
diffuse into the gas phase, setting up initial conditions that were consistent with
experiments. T he output from the non-reacting c ase was then used as an input to the
reacting case. For the reacting case, a time step of .05 ms is used.
Xg =XL = 80 cm, Imax =112
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Figure 5: Schematic diagram of transient, two-dimensional flame spread model (Miller, et. al. 2002).

A summary and comparison of flame spread rate results predicted from the model
and the experimental runs are presented below in Figure 6.
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Figure 6: Comparison of numerical predictions and experimental measurements of flame spread through
non-uniform mixtures in normal and reduced gravity (Miller, et al. 2002).

A generally good agreement between the model and the experimental runs can be
seen in Figure 5. The model slightly under-predicted the flame spread rate for the 35°C
cases, and over-predicted for 27°C cases. Aside from flame spread rates, the model also
predicted flame height and fuel vapor concentrations, all of which agreed with
experimental runs (Miller, et al., 2002). The model also agrees well with experiments in
terms of the qualitative flame shape (See Figure 4).
In brief summary of the porous plate model and experimental results, the flame
spread rate was shown to be faster in microgravity conditions than normal gravity and the
flame heights were larger in microgravity.

The model did not predict much of a

difference in the unburned fuel/air mixture upstream of the propagating flame between
normal and microgravity conditions.

Therefore, Miller and coworkers concluded that
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buoyancy effects on the flow field, rather than the concentrations of the unburned fuel/air
mixture, are the cause of the increased spread rate.
1.4

Objectives of the present study
Since 1996, Miller and coworkers have studied in detail the gravitational

influences on flame spread through non-uniform mixtures. Each of the studies (both
numerical and experimental) has employed the geometrical configuration described in the
previous section in which the flame propagated above a porous fuel source. The main
objective of the research study described in this thesis is to analyze the characteristic
behavior of a flame propagating through afree, stratified fuel-air mixture.
Development of an apparatus to study flame propagation though afree, stratified
layer is important on many accounts. Firstly, it eliminates surface contact between the
flame and the floor, which in turn reduces heat transfer effects as well as effects on the
flow field. Also, a free stream layer better approximates a fuel leak in microgravity
conditions, where a stream of fuel is accumulating and be carried by very slow
ventilation flows through surrounding air.

Finally, such an apparatus provides an

opportunity to stabilize a stationary flame. A stable stationary flame would yield an
opportunity to perform additional quantitative flame diagnostics that are not possible with
a propagating flame.

A schematic diagram of the free-stream non-uniform layers

apparatus that was designed, built and tested in the present study is shown in Figure 7. In
this apparatus, a laminar air stream flows over a porous bronze airfoil that is supplied
with a liquid fuel such as ethanol, propanol or methanol. This system results in a wake
behind the airfoil that contains a laminar, non-uniform fuel/air mixture.
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Figure 7: Schematic diagram of new technique to study flame spread through free stratified fuel/air
mixtures (Hovermann, 2002).

To design this experiment, a 2-D, non-reacting CFD model of the system was
developed using the commercially available FLUENT CFD code. This model accounts
for diffusion and temperature of the fuels used. The model was developed to give a
better understanding of the flow characteristics in the experimental apparatus, such as
velocity profiles, fuel concentration, and even an estimated flame shape.

Analytical

calculations were also performed to determine the conditions under which a stable,
stationary (i.e. non-propagating) flame could exist in the wake of the airfoil.

In this

configuration, the velocity of the propagating flame is balanced by the local convective
velocity of the fuel/air mixture. The calculations show the precise locations in the flow
field wherein a stoichiometric fuel/air mixture exists.
Once the geometry was characterized numerically and found to be reasonable, the
next step was to build the new experimental apparatus. The apparatus consists of a 79 cm
long, roughly 10 cm square flow duct. A heated, porous bronze, fuel emitting airfoil is
positioned 10 cm from the inlet along the centerline while a slow stream of air is blown
parallel to the airfoil, creating the layered mixture in the laminar wake region.
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After the apparatus was built, cold flow tests were performed. Cold flow testing
included smoke tests which visualized the flow to ensure a steady, laminar quality, as
well as hotwire anemometer and thermocouple scans to measure velocity and temperature
profiles, respectively; all of these agreed with model predictions.
After completion of the cold flow tests, ignition and combustion experiments
were performed.
obtained.

Image sequences of side and top views of propagating flames were

Preliminary experimental results show that it is possible to obtain a

propagating flame in a non-uniform free layer with flame spread rates of up to 180 cm/s
in flame fixed coordinates.
Using this apparatus, the hope is to form and, under certain conditions, stabilize a
non-uniform, premixed flame away from the influence of solid boundaries. In doing so,
the goal is to determine flammability regions, stability limits, and flame shape for flames
in flowing, non-uniform mixtures in normal and microgravity; and finally, to measure the
flame spread velocity as a function of fuel distribution and compare the results to uniform
premixed flames.
1.5

Organization of the Thesis
This thesis presents the results of an experimental study aimed at developing and

testing a new apparatus to study the propagation of flames through free, stratified fuel/air
mixtures.

Chapter 2 details the development of a computational model of the fluid

dynamics of the experimental apparatus that was developed using the commercial CFD
software FLUENT and mesh generation software Gambit. The model was used to design
the experimental flow duct and to determine the optimum location(s) for ignition and the
locations at which a stable non-propagating flame is possible. Chapter 3 details the CFD
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modeling results, including contour plots of species, temperature and velocity, as well as
the buoyancy effects seen in the modeling.
Chapter 4 describes the development of the experimental apparatus used to create
a free, stratified fuel/air mixture. The apparatus uses a porous airfoil to inject fuel into a
laminar flow duct that uses a Coanda air inducer.

Instrumentation includes

thermocouples allowing for measurement of fuel stream and airfoil surface temperatures,
a hotwire anemometer for velocity scans, smoke wire for flow visualization, as well as
color video cameras to record flame spread tests.
Chapter 5 details the experimental tests run to date, including cold flow and
combustions tests. Cold flow testing, in which experiments are compared directly with
the computational fluid dynamics modeling results of Chapter 3, included velocity
measurements u sing hot w ire anemometry, temperature measurements and smoke wire
tests. The results conclusively show that the experimental configuration successfully
creates a symmetric, low velocity, laminar, stratified fuel/air mixture. Prior to ignition,
fuel vapor profiles were qualitatively measured using a Rainbow Schlieren system. A
series of combustion experiments were conducted and flame spread rates were measured.
Preliminary experimental results show that it is possible to obtain a propagating flame in
a non-uniform free layer with flame spread rates of up to 180 cm/s in flame fixed
coordinates.

Image sequences of the side view of the flame spread, along with spread

rates, are presented in Chapter 5.
Chapter 6 provides conclusions and suggestions for future work on both
numerical and experimental aspects of this research.
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2

COMPUTATIONAL FLUID DYNAMICS MODELING SETUP

To get a better understanding of the initial mixing conditions and flow
characteristics of the fuel systems used in the experiments, a computational fluid
dynamics (CFD) model was developed using commercially available software. In this
case, FLUENT versions 5 and later 6 were used to model the flow, fuel concentration,
and temperature for laminar flow over a NACA 0012 airfoil shape within a twodimensional duct.
The goal of the modeling effort was to predict the inlet velocity and airfoil
temperature that would produce a flammable mixture within the duct, and determine the
extent of that region. It should be noted that this model developed does not account for
chemical reactions and heat release from a flame, and is used to predict flow conditions
upstream of the flame and/or prior to introduction of the ignition source.
2.1

Geometry Definition
When using FLUENT to model fluid flow, one must first use a separate m esh

generation package, or pre-processor, in order to set up the proper geometry. For this
study, Gambit 2.0 was used to create the mesh. Given the dimensions of the duct along
with 48 total x-y coordinates of the airfoil (Figure 8), the geometry was entered as
vertices into Gambit. From here, the vertices were connected to create the edges of the 2D model. The next step in Gambit is to take the edges and create faces. Once the
vertices, edges, and faces are created, actual meshing process can begin.
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Figure 8: NACA 0012 airfoil schematic used to generate grid points to enter into Gambit.

2.2

Mesh Generation
To set up the mesh, the first step is to place nodes (points where the grid lines of

the mesh connect) on the edges. T his process i s d one by specifying c onstant interval
spacing

between

the nodes,

increasing/decreasing

which

provides

spacing, which provides

a uniform

mesh,

or

a gradually

a non-uniform mesh with a finer

resolution across a certain area, such as along the centerline of the geometry. When the
nodes are created, one can then generate the actual mesh along the faces. A few different
options for mesh generation are available within Gambit, including those consisting of
triangular elements or quadrilateral elements.

After trying various combinations of

meshing for the experimental geometry, a uniform mesh of 12000 quadrilateral elements
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was chosen because of the relatively simple, 2-D planar geometry (Figure 9).
4 cm

y

-104c

4 cm

Figure 9: Computational grid for FLUENT CFD modeling.

2.3

Zone/Boundary Sets
After meshing, boundary zones are created on the geometry.

These zones are

used later by FLUENT to specify the boundary conditions. For this study, the top and
bottom of the duct along with the edges of the airfoil were specified as separate zones

called "walls." A "wall" is defined as a surface that is assumed to be solid that no fluid
can flow through. The front of the duct was specified as a "velocity inlet," and the rear of
the duct w as specified as a "pressure outlet." A "velocity inlet" is used to define the
velocity and scalar properties of the flow at inlet boundaries and a "pressure outlet" is
used to define the static pressure at flow outlets. It is also noted that the zone types (wall,
velocity inlet, etc.) can be changed within FLUENT as well, as long as zones are defined.
Once the mesh and zones are created, the mesh is then imported into FLUENT.
2.4

FLUENT Setup
The first steps taken after importing the mesh geometry into FLUENT involve

checking the mesh/grid for errors. Checking the grid assures that all zones are present
and all dimensions are correct. It is also important to check the volume and make sure
that it is not negative. If the volume is shown as negative, there is a problem with the
grid, since volume cannot be negative. The grid can also be displayed to ensure that the
mesh generation i s qualitatively reasonable ( See F igure 9). W hen the grid i s checked
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completely and free of errors, a scale and units can be assigned. Since Gambit inputs the
coordinates as non-dimensional numbers, the grid can be scaled however one chooses.
For this study, the grid was created in inches, then scaled to centimeters. The maximum
and minimum values for the x and y directions are given in the scaling window. Since
the front tip of the airfoil was set as the origin (0, 0) when drawn in Gambit, the
minimum x value was -10 cm (-3.937 inches) with a minimum y value of -5.3975 cm (2.125 inches). Once the grid was set, the solver and boundary conditions of the system
were then set and cases were run and analyzed.
2.4.1

Defining the Models
To run the cases, the model properties must be set. Model properties include the

internal FLUENT solver type, number and types of species to be used in the model, the
species/material fluid and thermal properties, as well as model operating conditions and
grid boundary conditions.

The following settings were used to create the model in

FLUENT.
2.4.1.1

Solver
Solver options include Segregated and Coupled, along with sub-options under

each solver such as steady/unsteady and implicit/explicit.

The Segregated solver is

recommended for slow, laminar flows, while the coupled solver is recommended for
turbulent flow. For this study, the options chosen were:
*

Segregated

*

Steady, and

*

2-D.

23

2.4.1.2 Species
In the species settings, one can select the number of different species to be
analyzed in the simulation and add each species to the database. F or this study, the
options chosen were:

2.4.1.3

*

Multiple Species,

*

Ethyl alcohol-air mixture, and

*

Multicomponent diffusion

Energy
Enabling energy in the solver is needed for the incompressible ideal gas

assumption. Accordingly, the option chosen here was: enable energy.
2.4.1.4 Viscous
The viscous model option gives the user the choice between different turbulence
models such as k-epsilon, Spalart-Reynolds, and Eddy Dissipation, as well as a laminar
model and inviscid model. For the model and experiment, the goal was to keep the flow
laminar to avoid unwanted mixing of the fuel.

Accordingly, for the viscous model

option, a laminar flow model was employed.
2.4.2

Defining the Material Properties
This section of the input contains the options for the materials chosen as the

working fluid. For this case, the working fluid is the ethanol-air mixture. Properties that
can be specified in this section are density, specific heat, and thermal conductivity. For
this study, the following options were chosen:
*

density (air) - incompressible ideal gas [kg/m 3 ]
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*

specific heat (air)- constant: 1000 [J/kg-K] (default value)

*

thermal conductivity (air)- constant: .0454 [w/m-K] (default value)

*

viscosity (air)- constant: 1.72e-05 [kg/m-s] (default value)

*

mass diffusivity (ethanol into air) - constant dilute
approximation: 1.38e-05 m 2/s

As detailed in APPENDIX A, the mass diffusivity for ethanol/air was calculated using
Chapman-Enskog theory (Bird, Stewart and Lightfoot, 1960).
2.4.3

Defining the Operating Conditions
The operating conditions include gravity and pressure. Gravity can be entered in

values of m/s 2 in x and y components. Operating pressure is also set in this section. In
this study, the duct was modeled for microgravity experiments and normal gravity
experiments. In the normal gravity modeling, computations were performed with the
gravity vector either parallel (1-gX) or perpendicular (1-gY) to the duct since the
experimental apparatus is capable of operating both horizontally or vertically.
Accordingly, the following options were chosen for this study:

0-g cases
x: 0 m 2 /s
y: 0 m2/s

pressure: 101325 Pa
1-gX cases
x: 9.81 m 2 /s
y: 0 m2/s

pressure: 101325 Pa
1-gY cases
x: 0 m2 /s

y: -9.81 m 2 /s
pressure: 101325 Pa
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2.4.4

Defining the Boundary Conditions
Proper specification of the boundary conditions is a vital step in accurately

modeling a fluid flow system such as the experimental system under consideration in this
thesis. In FLUENT, boundary conditions must be specified at each surface defined in the
mesh generation process described in Section 2.3. S pecifically, information about the
velocity, temperature and species mass fractions must be specified at each surface.

For

surfaces that have been defined as "walls," properties can be set to include certain mass
fractions of species along a wall, as well as the thermal conditions by specifying
temperature, heat flux, radiation, or convection, or a combination. For surfaces that have
been defined as "velocity inlets." input specifications include mass fraction of species
and fluid velocity magnitude and component flow direction. For surfaces that have been
defined as "pressure outlet" surfaces, the sole input specification is a pressure value. For
the modeling performed in this study, the boundary conditions are summarized in Table
1. Once all the models, operating conditions, and boundary conditions are specified, the
FLUENT code can be executed.
Table 1: Boundary condition specification for FLUENT modeling of free stratified layer apparatus.

Zone

Type

Boundary Conditions

Airfoil

Wall

Species boundary condition -- C2H5OH

Specified mass fraction: .394 (See APPENDIX B for related
calculations)
Temperature: 323 K, constant
No Slip
Duct
bottom

Wall

Species boundary condition: all species zero mass fraction
Temperature: 300 K
No Slip

Duct top

Wall

Species boundary condition: all species zero mass fraction
Temperature: 300 K
No Slip
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Duct
front

Velocity
inlet

Species boundary condition: 02
Specified mass fraction: .233 (FLUENT assumes remaining mass
fraction to be N2.
CO2, H20 set to zero

Temperature: 300 K, constant
Velocity magnitude and direction
Velocity: constant 5, 10, 20, 40 cm/s (depending on case)
x component: 1 (unit vector direction)
y component: 0
Duct rear
2.4.5

Pressure
Outlet

Outlet pressure: 101325 Pa

Executing the FLUENT Code
Each case must be initialized before the FLUENT code begins iterating toward a

converged solution. Initializing the case essentially provides an initial guess for the first
iteration of the solution. In the initialization process, the user must specify which zones
will be provided with initial conditions. For the modeling performed in this study the
option chosen was to compute from all zones. The final initialization step is for the user
to enter the maximum number of iterations, after which the simulation begins.

For the

modeling performed in this study, the number of iterations ranged between 100 and 1000
depending on the case being run and how long it took to converge.
Eight different model properties were monitored by FLUENT's solver and
checked for convergence. This criterion requires that the scaled residuals decrease to 10 -3
for all equations except the energy equation, for which the criterion is 10 -6. At the end of
each solver iteration, the residual sum for each of the conserved variables is computed
and stored, thus recording the convergence history. Table 2 is a list of variables and their
respective convergence criteria (Note: CO 2 and H 2 0 appear as species contained in air).
Table 2: Variables and convergence criteria for FLUENT simulation of free layers apparatus.

Variable

I Convergence Criterion
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Continuity
X-velocity
Y-velocity
Energy
C2H5OH

0.001
0.001
0.001
1e-06
0.001

02

0.001

C02

0.001

H20

0.001

If the solution converges, the results can be analyzed. If the solution does not
converge within the given number of iterations, one can request additional iterations or
check the results given at that point to determine whether additional iterations will
converge toward a physical solution.
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3

3.1

MODELING RESULTS

FLUENT Computational Fluid Dynamics
Using the FLUENT CFD model described in Chapter 2, a series of 27 simulations

were executed. The initial simulation matrix included cases for inflow velocities of 10
cm/s, 20 cm/s, and 40 cm/s, with runs in 0-g, 1-g (-y direction), and 1-g (+x direction) for
a total of nine different cases initially. Once the actual experimental testing began, more
model simulations were executed, including 1-g (-y direction) cases at 25 cm/s, and well
as cases at 25 and 40 cm/s using all air and no fuel flowing through the duct. The latter
cases were performed to simulate conditions in the duct for cold flow tests. Table 3
contains a matrix of all FLUENT cases executed to date.
Table 3: Simulation matrix for FLUENT modeling of free layer apparatus.

Run
Geometry
Number

X-velocity
inlet
(cm/s)

Species

T
airfoil
(K)

g,

gy

Convergence

001

NACA
0012
Straight
Duct

10 cm/s

Ethanol/air

323 K

0

0

Yes

002

NACA
0012
Straight
Duct

10 cm/s

EthanoVair

323 K

0

-1

Yes

003

NACA
0012

10 cm/s

Ethanol/air

323 K

1

0

Yes

20 cm/s

EthanoVair

323 K

0

0

Yes

Straight

Duct
004

NACA
0012
Straight
Duct
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005

NACA
0012

20 cm/s

EthanoVair

323 K

0

-1

Yes

20 cm/s

Ethanol/air

323 K

1

0

Yes

40 cm/s

Ethanol/air

323 K

0

0

Yes

40 cm/s

Ethanol/air

323 K

0

-1

Yes

Straight

Duct
006

NACA
0012
Straight
Duct

007

NACA
0012
Straight

Duct
008

NACA
0012
Straight

Duct
009

NACA
0012
Straight
Duct

40 cm/s

Ethanol/air

323 K

1

0

Yes

010

NACA
0012
Straight
Duct

25 cm/s

Ethanol/air

323 K

0

-1

Yes

011

NACA

25 cm/s

Air

293 K

0

0

Yes

0012

Straight
Duct
012

NACA
0012
Straight
Duct

25 cm/s

Air

323

0

-1

Yes

013

NACA
0012
Straight
Duct

40 cm/s

Air

323

0

-1

Yes

30

014

NACA
0012
Straight
Duct

40 cm/s

Ethanol/air

338

0

-1

Yes

015

NACA
0012
Straight
Duct

80 cm/s

Ethanol/air

323

0

0

Yes

016

NACA
0012
Straight
Duct

1 cm/s

Ethanol/air

323

0

0

Yes

017

NACA
0012
Straight
Duct

1 cm/s

Ethanol/air

300

0

-1

No

018

NACA
0012
Straight
Duct

1 cm/s

Ethanol/air

323

0

-1

No

019

NACA
0012
Straight
Duct

5 cm/s

Ethanol/air

323

0

-1

No

020

NACA
0012
Straight
Duct

5 cm/s

Ethanol/air

323

1

0

No

021

NACA
0012
Straight
Duct

10 cm/s

Ethanol/air

323

-1

0

Yes

022

NACA
0012
Diverging
Duct

10 cm/s

Ethanol/air

323

0

0

Yes
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023

NACA
0012
Diverging
Duct

10 cm/s

Ethanol/air

323

0

-1

Yes

024

NACA
0012
Diverging
Duct

20 cm/s

Ethanol/air

323

0

0

Yes

025

NACA
0012
Diverging
Duct

20 cm/s

Ethanol/air

323

0

-1

Yes

026

NACA
0012
Diverging
Duct

50 cm/s

Ethanol/air

323

0

0

Yes

027

NACA
0012
Diverging
Duct

80 cm/s

Ethanol/air

323

0

0

Yes

After iterations converge (and even before so), it is possible to analyze many of
the results calculated by FLUENT (although the reported results of cases that have not
converged do not represent a physical solution).

The results that are reported by

FLUENT include velocity vectors, surface integrals (areas, integrals, mass flow rates, and
weighted flow rates), volume integrals, flux reports, force reports, path lines, particle
tracks, and contour and x-y plots of various system variables. System variables include
many values such as pressure, density, velocity, species, properties, wall fluxes, and
residuals. Within these plotting parameters are subcategories of each variable (i.e. static
pressure, total pressure, absolute pressure, velocity magnitude, stream function, radial
velocity, etc.).
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The results that were used extensively for design and analysis of the experimental
apparatus include contour plots of fuel mole fraction, velocity contours, velocity vectors

and density contours. In addition to the variables that are output directly by FLUENT, it
is possible to do a variety of post processing using the FLUENT post processor. For the
present study, additional post processing included equivalence ratio contour plots and
equivalence ratio X-Y plots. Each of these results is summarized in detail below.
3.1.1
3.1.1.1

Contour Plots
Mole Fraction Contours
Contours of ethanol mole fraction give an understanding of fuel concentration

throughout system, with the ultimate goal of determining the optimum location for
locating the flame igniter.

Figure 1 0 shows t he mole fraction c ontour p lot for t he 4 0

cm/s, 0-g, 323 K airfoil temperature operating condition.

This plot shows the fuel

concentration coming off the airfoil.

Figure 10: Ethanol mole fraction contour plot for 40 cm/s, O-g, 323 K.
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The inlet air stream is flowing from left to right. The large area surrounding the
airfoil and plume in the plot is where the fuel concentration is zero.

The highest

concentration shown is on the surface of the airfoil, as expected. The thickness of the
plume varied with flow velocities. At lower velocities (10 cm/s and below), the plume
was thicker (Figure 11), while with cases run from 20 cm/s and up, the plume was
thinner, around 1 cm thick. This was an important result when positioning the igniter
during the experiments.
The mole fraction contours were also used to show the effects of buoyancy in the
model.

From the FLUENT results, it was shown that the plume of fuel sinks under

normal gravity conditions.

One may think that because the airfoil and fuel are being

heated, the fuel vapor coming off the airfoil would tend to rise. However, the molecular
weight of ethanol (46 kg/kmol) is heavier than that of air (29 kg/kmol), which ultimately
causes the plume of fuel to sink. This effect is noticed more so in the slower cases (< 30
cm/s) where buoyancy has a greater affect on the flow. This effect is shown in Figure 12.

Figure 11: Mole fraction contour plot for 10 cm/s, 0-g, 323 K.
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Figure 12: Mole fraction contour plot for 10 cm/s, l-g, 323 K, showing buoyancy effects.

3.1.1.2 Equivalence Ratio Contours
One of the main objectives for performing the CFD modeling is to find an optimal

ignition location.

Using the mole fraction predictions from FLUENT, it is possible to

convert to equivalence ratio (See APPENDIX C) and create a custom field function to
produce c ontour p lots that are not default options within FLUENT.

Equivalence ratio

plots show the entire flammable region of the mixture and provide a general
understanding of the optimal location in the duct to ignite a flame. Figure 13 shows a
contour plot o f e quivalence r atio for the 40 c m/s, 0 -g, 3 23 K c ase. T he flammability
limits for ethanol/air range from an equivalence ratio of approximately 0.5 (lean) to 2.5
(rich). As shown in Figure 13, the actual flammable region within the duct is fairly thin;
however it is shown to extend past the third igniter port in the actual duct (-58 cm from

the trailing edge of the airfoil). This will be more evident in the X-Y plots below.
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1.

Figure 13: Equivalence ratio contour plot for 40 cm/s, 0-g, 323 K.

3.1.1.3 Velocity Contours
Velocity contour plots provide information on the overall fluid flow field within
the duct. The velocity contours also provide a means of checking the results to make sure
model ran c orrectly, s ince analytical s olutions exist for s imilar 1aminar flow situations
such as entry length in a rectangular duct and flow over an airfoil.
Figure 14 shows a velocity contour plot for a 40 cm/s, 0-g, 323 K case. From this
plot, one can see the inlet velocity (flowing from the left) is entering at 40 cm/s. The
velocity goes to zero at the tip of the leading edge of the airfoil, indicating a stagnation
point.

The flow velocity increases above and below the airfoil, as would also be

expected. Other points of interest in the plot include the velocity going to zero at the
surface o f t he a irfoil, b oundary 1ayers g rowing o n t he w alls o ft he d uct i tself, and the
velocity deficit along the centerline, downstream of the airfoil. In cases ran at a slower
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flow speed, the boundary layers are thicker. These are all indications that the code is
working properly.

Figure 14: Velocity contour plot for 40 cm/s, 0-g, 323 K.

3.1.1.4

Temperature Contours
Temperature contours are another means of checking the model for proper results.

The temperature contours should be virtually identical to the mole fraction contours
because both fuel and heat diffuse similarly. Figure 15 shows a temperature profile for a
40 cm/s, O-g, 323 K case. When compared to the mole fraction contours for this same
case (Figure 10), they appear to mirror each other.

When setting up the material

properties (See Section 2.4.2), constant property assumptions for the thermal properties
such as specific heat and thermal conductivity were made since the flow is non-reacting,
incompressible and subsonic. The results are not affected by using constant assumptions
compared to using the mixinrg law option that is also available during property setup.
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Figure 15: Temperature Contours for 40 cm/s, 0-g, 323 K case.

3.1.2
3.1.2.1

X-Y Plots
Equivalence Ratio vs. Y-position
Plotting equivalence ratio (see APPENDIX C for related calculations) vs. y-

position at various x-positions quantitatively shows the best location to ignite the fuel. It
is assumed that the optimal location to ignite the fuel is where the equivalence ratio is
equal to one. As mentioned above, the flammable region is very small, approximately 1
cm thick.

Figure 16 shows an X-Y plot of equivalence ratio as a function of the y-

position (height) in the duct, for three different x-locations in the duct. These three xlocations, which are shown in the figure inset, correspond to igniter port location in the
experimental apparatus (to be discussed in chapter 4).
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Figure 16: Equivalence Ratio vs. y-position in duct for 25 cm/s, lg-Y, 323K case.

This graph is for a 25 cm/s, 1-g (-y direction), 323 K airfoil temperature case. On
the graph, the lean flammability limit for ethanol is indicated by the red vertical line
(equivalence ratio = 0.5). As shown in the figure, the flammability region within the duct
spans only around 1 cm for a velocity of 25 cm/s and airfoil temperature of 323 K. This
result does not leave much room for error when placing the igniter at an appropriate
location for ignition in a roughly 10 cm high duct. At lower speeds, the plume would get
slightly thicker, to around 1.75 cm, still fairly thin with respect to the duct height, and the
flammability region would not span as far in the duct.

There is not a significant

difference between the plume thickness for a 25 cm/s case and a 40 cm/s case. Both
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plumes are close to 1 cm thick; however, the fuel concentration increases as the velocity
increases.

While higher speeds do not affect the plume as much, a higher airfoil

temperature does. A FLUENT case run at 40 cm/s with an airfoil temperature of 338 K
(as opposed to 323 K), was run. The results showed the maximum equivalence ratio
(directly on the surface of the airfoil) was over 11, whereas the maximum equivalence
ratio at the surface of the airfoil in the 323 K case was around 4. A difference in the
maximum values o ft he line plots was also noted, though not as drastic as the overall
maximum value.

The 15 K increase in airfoil temperature raised the maximum

equivalence ratio at igniter port #1 (-19 cm past the trailing edge of the airfoil),
represented by the blue line on Figure 16, from 1.0 to 2.0, and the maximum at igniter
port #3 (-75 cm past the trailing edge), represented by the yellow line on Figure 16, from
0.5 to 1.2. Even with the increase in temperature, the modeling results show that there
still remains a flammable mixture at each igniter port, however the mixtures at all of
these locations are now rich instead of lean.
3.1.2.2 Velocity Profile Line Plots
Velocity profiles viewed along different lines spanning from the top to the bottom
of the duct at a given x-location are used to compare FLUENT results with experimental
duct characterization results (to be discussed further in Chapter 5). Figure 17 shows a
velocity profile along the y-position (height) of the duct at an x-location of 9.5 in. past the
leading edge of the airfoil.
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Figure 17: FLUENT velocity profile downstream of airfoil

From this plot, one can clearly see a velocity deficit along the centerline. This velocity
defect is a direct effect of the airfoil. Other properties of the flow shown in this plot are a
velocity increase above and below the centerline, which is expected due to the airfoil, and
the boundary layers that are beginning to grow. In Chapter 5, the predicted velocity
profiles are compared directly to experimental results using hot wire anemometry.
3.1.3

Surface Integrals
The mass flow rate of ethanol was checked at three different points past the airfoil

in order to check conservation of fuel vapor. The conservation of mass requires that the
integrated mass flow rate of any species across any line in the y-direction (downstream of
the airfoil) should not vary with x-position in the duct. Table 4 shows the integrated mass
flow rate results. For each of the nine cases shown, continuity was checked at three
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different places in the d uct. I f m ass i s b eing c onserved, t hen t he flow r ate s hould b e
equal along each line, as is shown in the table.
Table 4: Ethanol mass flow rate integrals from FLUENT modeling.
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Predicted stationary flame shape/location
Stabilizing a stationary flame makes analyzing shape and structure as well as

quantifying the fuel concentration around the flame easier. With the flame "sitting" in
one place, more fuel concentration data can be taken and clearer images of the flame can
be captured, instead of relying on a single video frame to quantify the properties of the
flame at a certain point.
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While stabilizing a stationary flame was not a main objective of this research, the
new flow duct was designed with the ability to converge or diverge in order to aid in
stabilizing a stationary flame. Some predictions were made as to where a stationary
flame may stabilize within the duct. These predictions are presented below.
3.2.1

Laminar Flame Speed (Uniform mixtures)
A stationary flame will stabilize wherever the component of the flow velocity

normal to the flame front is balanced by the propagating flame speed at a given point.
With this theory, modeling results and calculations can be used to find a predicted
stationary flame shape and location.
The first step in doing so was to develop a relationship between laminar flame
speed (Su), equivalence ratio ()),

and temperature (T).

By doing this, it would be

possible to use the results obtained from FLUENT to obtain an estimated laminar flame
speed value for any given point in the CFD grid. Egolfopoulos and Law provided ethanol
data relating flame speed as a function of equivalence ratio at 4 different fuel
temperatures (24th Symposium on Combustion). A 3-D Gaussian curve was fit to this
data using SigmaPlot 2000. Gaussian refers to the type of function that SigmaPlot fits to
the curve.

Lorentzian and Paraboloid curve fits were other options in SigmaPlot.

However, the Gaussian gave the best fit with an R 2 value of .986 compared to .9315
(Paraboloid) and .978 (Lorentzian). The equation that is obtained from the curve fit will
be used later to balance the flow velocity. The curve (Figure 18) and relation are shown
below.
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Figure 18: Curve fit of ethanol data from Egolfopoulos and Law (24 th Symposium on Combustion).
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Predicted Stationary Flame Location/Shape
The second step was to see where the flow velocity and flame speeds were equal,

leading to a stationary flame. This was not as intuitive as one would think. First, the
flame speed has to be balanced by the component of the flow velocity that is normal to
the flame front. Of course, thmeshape of the flame is unknown; therefore, a flame front
had to be estimated, using the CFD grid as a guide.
Starting at the centerline of the duct, where the flow velocity is always normal to
the flame front (assuming the flame is propagating along the centerline), the first point
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was found. This point represents where the difference between the laminar flame speed
and the flow velocity (normal to the flame front) is zero. From this point, we move up in
the y-direction to the next gridline in the GRD mesh.

The angle at which a line

connecting the centerline point to a random x-point in the same vicinity on the next ygridline is calculated using simple geometry. This angle simulates the angle a flame front
would make if between these two points. This step is repeated for all x-locations ±5 cm
from where the centerline point is located, giving many "flame fronts."

The incoming

flow velocity is resolved normal to each one of these estimated flame fronts as shown in
Figure 19.

V

U

_

Figure 19: Diagram of flow velocity components used to balance flame speed.
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The U and V components of the flow velocity are obtained from FLUENT, and
UN (the component normal to the "flame front") can be calculated through trigonometric
relations shown below.

UN = cos(a + 3)
Finally, the difference between UN and Su (again, calculated using the curve fit
and the FLUENT data), is plotted versus x-position. Where this line intersects the x-axis
is the point at which the difference between UN and Su is zero, and in theory, a stationary
flame can exist at that point for the given conditions. There are instances where the line
may intersect the x-axis twice. In this case, one must check the flow velocity values
around each intersecting point to determine whether or not a point is stable. For example,
in a graph with two intersecting points, if the velocity field ahead of the first intersecting
point is greater than that point, it would cause the flame at that point to blow downstream
and stabilize at the second point. Likewise, if the velocity field behind the second point
is greater than that second point, it would cause the flame at that point to blow forward.
An example of one such plot is shown in Figure 20.
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Figure 20: X-location where stationary flame will stabilize at 0.81cm above centerline

This entire process was repeated for five different y-locations, not including the
centerline point. Figure 21 shows the results, giving a predicted stationary flame location
and shape.
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Figure 21: Graph of predicted stationary flame location and shape for 40 cm/s, 0-g, 323 K case.

The results shown in Fig. 21 correspond to conditions of 40 cm/s, 0-g, 323K case.
One should note that there are sections above and below the centerline where this process
predicts that a stationary flame will not stabilize due to flame speed being faster that the
flow. It is important to note, however, that this was done using the calculated laminar
flame speed for a uniform mixture, not layered, as this research is studying. As shown in
prior research, flames have been known to travel up to 4.5 times faster in a stratified
mixture than a uniform mixture. Even with this being the case, this prediction gives a
first, rough estimate of what may be expected in the likes of flame shape and location.
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3.3

Modeling Summary
Modeling the mixing properties of the flow with FLUENT proved very useful in

design and initial testing of the experimental apparatus.

The most significant aspects

about the flow characteristics provided by FLUENT were the flammable region and
optimal ignition locations.

Knowing the proper velocity and airfoil temperature to

produce a flammable layer will be useful when attempting to ignite a flame within the
duct.
Another important property predicted by the FLUENT code was how buoyancy
affects the flow field. As shown above, the plume tends to sink under normal gravity,
low speed conditions. However, at higher speeds the air flow has a more pronounced
effect on the fuel than buoyancy and forces the fuel toward the centerline. This result is
also shown experimentally through smoke wire tests, which will be discussed further in
Chapter 5.
Finally, predicting a flame shape and stationary flame location, though done using
a laminar flame speed for uniform mixtures, gives an approximate means of what to
expect in terms of flame structure characteristics. It also aided in designing the duct, as
to locations of windows ports and such, as will be seen in Chapter 4.
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4

DEVELOPMENT OF THE EXPERIMENTAL APPARATUS
·

·

'I

In this chapter, the design and development of the new Free-Layers apparatus is
described. The Free Layers hardware consists of an airfoil mounted along the centerline
of a flow-duct. In this case, the fuel diffuses through the airfoil with airflow parallel to
the airfoil, thus creating a stream of fuel vapor concentrated along the centerline (Figure
7). One main purpose of this configuration is to eliminate the contact between the flame
and the cooler floor surface, reducing heat transfer effects and creating a free-stream
flammable layer. Running the duct with this free-stream is also a means of simulating a
fuel leak in microgravity and provides the possibility to stabilize a stationary flame.
Originally, a cylinder was considered to emit the fuel in the duct. However, a cylinder
with a large enough surface area to emit enough fuel would shed vortices and cause a
significant disturbance in the flow. Figure 22 shows a side view schematic of the entire
experimental apparatus to be discussed in detail below.

Honeyc

rkel
Air Flov
Access Ports

Coanda
Inducer
Coanda Flow
Flow Inducer

Power Supply
Figure 22: Free Layers apparatus schematic.

50

4.1

Airfoil Style/Design
There were two different airfoils constructed at NASA Glenn for the Layers

project. Both designs incorporated the same general characteristics such as a porous
material through which the fuel can diffuse, and internal heaters to help the fuel
evaporate quicker. However, the two airfoils differ by their shapes and construction.
This is explained below.
4.1.1

NACA 0012
The first airfoil is a NACA 0012 cross-section. This specific cross-section was

chosen for its large surface area through which fuel can evaporate.

Also, its thin,

symmetric shape gives low drag for minimal flow disturbance. The mid-section of the
airfoil was machined from a solid piece of porous bronze. The outer surface was cut to
NACA 0012 specifications using electrical discharge machining (EDM).

A hollow

section inside the bronze was cut to create a chamber for the fuel to accumulate. Two
other holes were drilled into the sides of the airfoil for installation of the heaters.
Aluminum end caps were cut to the same shape and glued on to the ends of the bronze.
The end caps have appropriate holes drilled for the heaters, mounting screws,
thermocouples, and fuel filler tubes. Figure 23 shows a cross-sectional view of the 3 in.
long airfoil.

Q.::.
(~[......

_'
-.:'"-- ""'-~~
Fuel Cavity

-=----..Heater

Mounting Hole

7.62 cm (3 in.)
Figure 23: NACA 0012 porous bronze airfoil cross-section schematic
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4.1.2

Parallel Plate
The second airfoil is a custom design. It features a semi-cylindrical leading edge

that joins two porous parallel plates. A triangular trailing edge is attached downstream of
the parallel plates. As with the NACA 0012, the parallel plate airfoil has a hollow core
that holds the fuel, and necessary holes for the heater, mounts, thermocouples, and fuel
filler. The objective for constructing this airfoil was to have the option to switch to a
different porosity by using interchangeable porous plates in the design. While this airfoil
was available to use at the time of research, the experiments conducted concentrated
solely on the NACA 0012 design, which is the shape that was modeled in FLUENT
calculations described in Chapters 2 and 3, though the duct was designed to
accommodate this airfoil as well..
4.2

Duct Design
While the airfoils are an integral part of the system, the flow-duct itself was

subject to many design constraints and was actually designed around the existing airfoils.
These airfoils had been designed to run in the original porous-plate gallery. However, as
part of this research, converging and diverging ducts have also been designed with the
objective of stabilizing a stationary flame downstream of the airfoil. The converging or
diverging duct would result in a centerline flow velocity that varies with x-position and
potentially result in an x-position at which the flame propagation velocity balances with
the convection velocity.
Aside from the converging/diverging aspect, designing a separate flow duct
specifically for the airfoil would allow more specific placement
instrumentation.

for desired

This instrumentation includes ports for thermocouples, a hotwire
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anemometer, smoke wire, igniter at various locations along the top of the duct, and
interferometer windows. In total, hotwire/thermocouple ports (1/8in NPT holes) were
placed in 1 0 different 1ocations along the top and sides of the duct, smoke wire holes
(.0625 in. drilled holes with press-fit stainless steel tubing) in 8 different locations, and
igniter ports (l/8in NPT holes x 2) in 3 locations along the top of the duct. Figure 24
shows a side view schematic of the duct with instrumentation locations.
Another important feature of the duct was the inclusion of screens and
honeycomb at the inlet and outlet. The screens provide a pressure drop for the incoming
flow and are an added safety feature, acting as a means of extinguishing any flame that
might propagate to the inlet or outlet. Honeycomb is used as a flow straightener for the
incoming stream of air, since a flow parallel to the airfoil is desired. Some other design
goals taken into account were the ability to run both airfoils and a means of running
experiments with the duct positioned horizontally as well as vertically (to reduce effects
of buoyancy.

_·" _
'

°window

port

„„_ -(1

o

sirfoil
holes

duct top

A._.

smoke wire holes

fmlouftngf9
~

_

hot wire/thermocouple taps
Eup

[U :'

duct bottom

Figure 24: Duct side-view schematic showing instrumentation ports

The top, bottom, and two sides of the duct were all Lexan. To support the duct,
two end flanges were constructed of aluminum. While providing support, these flanges
also provided a means of mounting the duct both horizontally and vertically, as well as
mounts for honeycomb and the air inducer. The basic dimensions of the duct are 10.16
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cm x 10.8 cm x 78.74 cm (4in x 4.25in x 31in). These overall dimensions were kept the
same as the old duct for continuity with the computer models that had previously been

completed, as well as the fact that the airfoils had been designed for use in the old duct
(which fixed the width of the new configuration). By fixing a pivot point close to the
inlet of the duct, the top and bottom are able to slide up and down through slots milled
into the sides of the duct, thus allowing the duct cross-sectional area to converge or
diverge. The maximum and minimum convergence/divergence angle was designed to be
two degrees in both directions. Because of the long length of the duct, an angle of only
two degrees actually provides a 2.15 inch increase or decrease in the height of the outlet
of the duct, or a change in outlet area by roughly 50% over the inlet area (Figure 25)
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Figure 25: Movable duct wall position in maximum converging (top) and diverging (bottom)
configurations.

4.3

Instrumentation and features
The completed apparatus is shown in Figure 26. The apparatus consists of a

heated, porous airfoil, a Coanda air inducer, a flow duct and a variety of instrumentation.
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Each of these aspects will be described in the sections below with a detailed summary
table following.

Figure 26: Completed free layers apparatus in test configuration.

4.3.1

Instrumentation
Two different thermocouples were used to characterize the duct.

A type K

exposed end, 0.020 inch sheath thermocouple used for temperature scans was mounted in
a 5 cm travel length translation stage above the duct. The thermocouple was bent so that
the end was positioned along an isotherm in the flow (across the duct). The bent length
was 3 in. to minimize conduction errors. A type T, 0.020 inch sheath thermocouple used
to measure the internal temperature of the airfoil was mounted through the side wall of
the duct into the thermocouple access hole drilled into the aluminum end cap of the
airfoil. The thermocouples were plugged into a thermocouple reader giving a display of
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the measured temperature. At each scan location as well as for various point along the
surface of the airfoil, the high and low readings were averaged and recorded.
Chromel wire, 0.002 inch, was used for smoke wire. It was mounted through
stainless steel tubes that were press fit in the walls of the duct. To maintain constant wire
tension, one end of the wire was attached to a spring-steel tensioner to account for
expansion of the wire when heated and keep it taut. Soldering flux paste was dabbed on
the wire to produce the smoke. There were between 10-12 dabs approximately lmm in
size along the smoke wire. The wire was connected to a power supply that heated the
wire and the paste, thus producing the smoke lines.

A slide projector was used to

produce a light sheet to illuminate the smoke lines.
For performing velocity measurements, a TSI Model 1210 hotwire with a 6 inch
stem was mounted in an access port in the top of the flow duct. The hotwire was a
constant temperature hotwire. A bridge controls the voltage across a wire connected to
two posts at the end of the hotwire stem. The voltage changes accordingly with changes
in a ir v elocity i n o rder t o k eep t he w ire a t a c onstant t emperature. C alibration o ft he
hotwire was necessary before use to relate the voltage reading to a velocity. This process
is detailed in APPENDIX E. Measurements were taken upstream of the airfoil at the duct
inlet as well as downstream in the wake of the airfoil. The hotwire was mounted in the
same translation stage used for the temperature scans. At each point along the scan line,
a high and low voltage reading was recorded. These values were then averaged and
related to velocity using the correlation chart obtained from the hotwire calibration.
Two separate color cameras were used to take images of the flame. A Panasonic
GP-KR222 was mounted as a top view and a COHU Model 2222-2040 was mounted as a
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side view. Both cameras were positioned to capture images downstream of the airfoil
where the flame would be propagating. Digital image data was captured using a VHS
recording deck as well as a frame grabber installed in a PC.
To visualize the fuel concentration profiles, a Rainbow Schlieren system was used
(Greenberg). This system uses the refraction of collimated light as it passes through the
fuel mixture. The angle that the light deflects varies with the fuel concentration gradient.
The light then passes through a rainbow filter and into a color camera. Depending on the
amount of refraction, the light will pass through various colors of the filter, providing a
colored image of the fuel vapor profile. Filter sizes of 900 ,im (total width) x 50 tim
(center width) and 1950 Lim x 50 ptm were used. An overhead schematic of the system is
shown in Figure 27. A list of all instrumentation used in this study is included in Table 5.
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Figure 27: Overhead diagram of Rainbow Schlieren system used to visualize fuel concentration profile.
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Table 5: Summary of duct instrumentation devices

Instrument
Thermocouple
Thermocouple

Type
Type K, exposed end, .020
in. sheath
Type T, .020 in. sheath

Use
Temperature profile
scans
Internal airfoil
temperature
measurements
Flow visualization

Smoke wire

Chromel wire, .002in.
(soldering flux paste to
produce smoke)

Hotwire
Anemometer
Rainbow Schlieren
System
p

TSI Model 1210, 6 in. stem Velocity profile scans
length
Fuel concentration
Filter sizes: 900 pm x 50
visualization
tm, 1950 gLm x 50 utm,
Camera lens: 1/30th s
shutter 25 mm lens set to
F/1.7
Mirror specs: 4" diam. x
450 mm focal length
Side view
COHU Model 2222-2040
1/250th s shutter 9 mm
lens set to F/2
Top view
Panasonic GP-KR222,
1/250th s shutter 9 mm
lens set to F/2
Heat airfoil
Watlow Firerod cartridge
heater (x4), 0.125 in.
diameter x 2 in. long,
100W/120V rating
Pull airflow through
McMaster-Carr 5571K9
duct
Control fuel flow into
Key instruments model
airfoil
GS8000
Kanthal wire, .0142 in
Ignite flame
Light source for smoke
Kodak
tests
Capture and digitize
Epix PIXCI-SV4
images
Capture and digitize
XCap v2.2

Camera

Camera

Heaters

Air inducer
Rotameter
Igniter
Slide Projector
Frame grabber
Software

_______________________images

Camera

COHU B/W Model 6500
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Capture smoke images

4.3.2

Airfoil Internal Heaters
A total of four Watlow Firerod cartridge heaters were installed in the airfoil. Two

heaters were installed into the leading edge, and two were installed into the trailing edge
(Figure 28). The heaters were 0.125 inches in diameter x 2 inches in length. Each heater
had a rating of 100W and 120V. The four heaters were wired in parallel and 24W of
power was applied on average (approx. 30V and 0.8A). On later tests, the heaters were
operated at 44V in order to increase the fuel temperature to increase the gas phase mole
fraction of fuel at the airfoil surface. Each of the four heaters had a resistance of 145Q,
giving the parallel set of heater an equivalence resistance of 36.25Q.

Figure 28 is a

diagram of the airfoil, which shows the locations of the cartridge heaters, and Figure 29
shows the actual airfoil with installed instrumentation.

Top View
Leading Edge
II

Heaters

/

\

Figure 28: Top view diagram of airfoil showing internal heater locations.
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Figure 29: Airfoil showing installed instrumentation.

4.3.3

Air inducer
A Coanda Air Inducer is used to pull the flow of air through the duct.

The

inducer itself is attached to a converging section which is attached to the outlet of the
duct. The Coanda Air Inducer is shown in Figure 30. A small volume of high pressure
stream of air is fed into the inducer which in turn pulls a high volume of low pressure
stream of air through the duct. Nitrogen is used for the high pressure stream into the
Coanda. As an added safety feature, a separate valve stemming from the Coanda inlet
line is placed at the duct inlet. This is the primary means of extinguishing flames that are
ignited in the duct.

A stream of nitrogen is injected straight into the duct, thereby

extinguishing the flame.
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Figure 30: Coanda air inducer

4.3.4

Fueling System
The fuel delivery system on the apparatus is gravity-fed. It consists of a funnel

reservoir suspended above the duct. The outlet of the funnel leads into a rotameter with
an inline needle valve to control flow rate. The rotameter was calibrated for use with
ethanol simply by flowing fuel through it, running the outlet into a graduated cylinder,

and timing the fuel filling the graduated cylinder.

The calibration curve is shown in

Appendix F. Two important aspects of the fueling system occur after the outlet of the
rotameter. First, the fuel line is split at a T-junction in order to deliver fuel to both sides
of the airfoil. This gives a more uniform fuel distribution across the airfoil which was
needed after a single fuel tube failed to provide the uniform distribution.

Second, the

tubing size is stepped down to deliver the required flow rate into the airfoil, as predicted
by the FLUENT modeling. APPENDIX D shows calculations to determine the correct
tube size.

61

Ignition System

4.3.5

Flame ignition is accomplished using a hot wire igniter. The hot wire is fashioned
from Kanthal wire (0.0142 in. diameter), which is strung between two igniter posts. The
posts are linked to a power supply that applies a voltage to the wire, in turn heating the
wire and ultimately igniting a flame in the presumed flammable region that the igniter is
placed.
4.4

Testing Conditions
The

initial proposed testing conditions include a combination of duct

configurations, positions, flow speed variations and the use of different fuels such as
ethanol, methanol, and propanol, as well as interchanging airfoils.
As stated above, the duct was designed to incorporate the ability to operate in a
straight, converging, or diverging configuration in order to tailor the velocity profile
downstream of the airfoil. Another aspect of the design is the ability to position the duct
vertically, with the air flowing through the duct perpendicular to the table it is mounted
on. The vertical position will likely be necessary to reduce buoyancy effects on the flow.
The research conducted for this thesis concentrated on operating the duct solely in
the straight configuration and horizontal position using the NACA 0012 style airfoil. The
inlet velocity varied between 25 and 70 cm/s. Ethanol was the only fuel used for this
stage of the project. The fuel temperature was controlled by the heaters within the airfoil.
The surface temperature of the airfoil was initially maintained at an average temperature
of 50°C. The inlet flow stream was at room temperature (-23°C) and the duct was open
to atmospheric pressure.
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5

5.1

EXPERIMENTAL RESULTS

Cold Flow Tests
Before any combustion tests were attempted in the new duct, cold flow tests were

performed.

These tests included initial duct calibration, velocity scans, temperature

scans, and smoke wire tests. The cold flow tests were important in order to characterize
the flow through the duct to make sure the flow through the duct was similar to what was
predicted by the numerical simulation. The tests were also conducted to ensure that the
flow within the duct was steady and laminar. Maintaining strictly laminar flow within
the duct is a key aspect to the free layers apparatus to achieve the desired objective of
studying flame propagation through a consistent, stratified layer.
While there was no set test matrix for the cold flow testing as was the case in
combustion runs described below, the majority of the tests were conducted at a mid-range
inlet velocity (approx. 25 cm/s). For several of the cold flow tests, the inlet velocity and
airfoil temperature were varied slightly from the baseline conditions.
5.1.1

Duct Calibration
Before any profile scans could take place, the duct needed to be "calibrated."

Calibration of the duct was necessary since the inlet velocity was controlled by inputting
a given high pressure stream of nitrogen into the Coanda air inducer and the only means
of monitoring the input flow was by monitoring the pressure gauge on the nitrogen bottle.
Therefore, the nitrogen pressure value had to be correlated with the duct inlet velocity.
To perform the calibration, the inlet velocity was measured using a hotwire anemometer.
The probe was placed 0.5 inches from the inlet of the duct along the centerline (2.0
inches from the top of the duct). The pressure into the Coanda air inducer was varied and

63

data were taken in increments of 5 psig from 10 to 120 psig. Figure 31 shows the duct's
final calibration curve. This curve relates Coanda inlet pressure to flow velocity. The
variation in inlet velocity with Coanda pressure was linear, with the range of 10 to 120
psig resulting in velocities between 7.9 and 68.4 cm/s.
flow duct velocity calibration
9/24/2002
y = 0.5634x + 2.392
R2 = 0.9964
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Figure 31: Duct velocity calibration.

5.1.2

Velocity Scans
The first tests in duct characterization, aside from inlet flow calibration, were

velocity scans.

Velocity measurements were performed using the TSI hotwire

anemometer. Data were taken at two locations upstream of the airfoil and one location
downstream of the airfoil.

Depending on the case, data were either taken every one or

two millimeters along the scan line. At x-positions closer to the duct inlet, velocity
measurements were taken every 2 millimeters since the velocity profile was expected to
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be rather flat across the height of the duct at this position. For x-positions downstream of
the airfoil where a more detailed profile was expected due to effects on the flow caused
by t he a irfoil, t he h ot w ire d ata w ere a cquired e very m illimeter. T he p rofiles obtained
from the hotwire velocity scans were then compared to predicted velocity profiles from
FLUENT.
Velocity scans near the inlet of the duct showed some interesting results. Figure
32 shows a velocity scan performed 0.5 inches from the inlet at an inlet velocity of 25
cm/s (line with error bars) compared with FLUENT results for the same location (line
with triangle markers). The experimental results show a spatial variation of the inlet
velocity. The vertical line on the graph represents the average of the measured data
points. This line agrees well with the FLUENT results. The variation is an effect of the
honeycomb used to straighten the flow. The peaks and valleys correspond to the 0.25
inch cell size of the honeycomb. Aside from the variation, one noticeable difference is
the higher velocities along the walls in the experimental results. This is most likely due
to open gaps where the honeycomb is not contacting the upper and lower portions of the
inlet. Another probability could be small leaks near the top and bottom of the duct that
would cause a jetting effect similar to the results of the scan. Again, this was not a cause
for much concern due to the fact that the flame is expected to propagate along the
centerline of the duct.
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Figure 32: Velocity profile 0.5 inches past inlet (experimental and predicted) for 25 cm/s, 323 K case.

Figure 33 shows the experimental results of a velocity scan 3 inches past the inlet
(nearly 1 inch upstream of airfoil) at 25 cm/s. As can be seen in this plot, the velocity has
inhoneycomb
Figure 32. The effects of the
leveled off compared to the results shown in
are not seen this far past the inlet.
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Figure 33: Velocity profile 3 inches past inlet for 25 cm/s, 323 K case.

In Figure 34, a typical velocity profile downstream of the airfoil obtained
experimentally is shown (line with error bars), along with a comparison plot of the
modeling results at the same conditions (line with square markers). The figure shows
that there is a generally good agreement between the modeling and experimental results.
The experimental results show very good symmetry.

Another notable aspect of the

experimental results is the velocity deficit that is clearly shown along the centerline. As
mentioned i n the discussion o f C FD results i n Chapter 3, this i s a direct effect o f the
airfoil.
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Figure 34: Velocity profile downstream of airfoil (experimental and predicted) for 25 cm/s, 323 K case.

One main difference between the measured and predicted velocity profiles can be
seen in the boundary layers at the top and bottom of the duct, which were measured to be
thicker in experiments as compared to modeling predictions. This result is most likely a
consequence of 3D effects from the front and back walls of the duct.

Recall from

Chapters 2 and 3 that the FLUENT simulation was performed by modeling the duct as
2D. Specifically, the model assumes an infinitely wide channel through which the air
flows. The width of the actual duct is finite (10 cm) and, in reality, the front and back
walls also produce a boundary layer, which is not accounted for in the model. One way
to reduce the effects of the boundary layers would be to use a duct with a larger width.
The 3 D e ffects, however, should not c ause a major problem b ecause the experimental
zone of interest for the combustion experiments is concentrated along the centerline of
the duct.
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5.1.3

Temperature Scans
Another cold flow test performed in order to characterize the duct was a

temperature scan behind the heated airfoil. For the temperature scans, data were acquired
every millimeter in the y-direction since the scans were performed at x-locations down
stream of the airfoil were a high level of detail was necessary. Figure 35 shows both
experimental (line with diamond markers) and modeling (line with square markers)
results.

The graph shows a few differences between the two results.

First, the

temperature peaks do not match. Though the difference is actually only 1 K, it's still
notable.

FLUENT, however, assumes the entire surface of the airfoil is a constant

temperature. This is not exactly the case for the actual experiment though, because the
heaters are installed inside the airfoil and the temperature of t he airfoil was measured
internally. The most noticeable difference is the asymmetric shape of the experimental
results. This result was most likely due to a small leak near the top of the duct, which
caused a jet-like stream of air into the duct, altering the profile. In the event of a leak, the
duct was completely resealed by adding sealing putty along the joints of the walls before
the combustion tests began.
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Temperature scan
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Figure 35: Temperature profile downstream of airfoil (experimental and predicted) for 25 cm/s, 323 K
case.

5.1.4

Smoke Wire
The final cold flow tests that were done were smoke wire tests. These tests were

important because they provided a means of visualizing the flow and ensuring the quality
of the flow was smooth and laminar as desired. A turbulent flow would lead to mixing
the fuel and surrounding air, thus altering the desired layered profile. For these tests, the
duct was on its side with a light sheet perpendicular to the airfoil and a camera mounted
overtop of the duct. A mirror was placed on the side of the duct opposite the light source
to reflect the light back to the airfoil. A schematic of the setup is shown in Figure 36 and
a sample of one of the smoke wire images is show below in Figure 37.
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Figure 36: Top-view schematic of smoke wire testing setup

Figure 37: Smoke wire test at 37 cm/s

In Figure 37, the location of the airfoil is indicated by the scaling line which is
drawn along the centerline of the airfoil from its leading to trailing edge.

The flow

direction in Figure 37 is from left to right. The dark triangular-shaped area below the
airfoil is a shadow produced by the airfoil where the reflected light could not reach. Note
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the smooth flow around the airfoil and how the smoke lines converge coming off the tail
of the airfoil, as would be expected. This image was taken at a flow of 37 cm/s. The
tests were done up to 70 cm/s and were all laminar. Asymmetry caused by buoyancy
effects was seen a speeds of 25 cm/s and slower. However, at higher speeds, the flow
velocity overcame the effects of buoyancy resulting in a high degree of symmetry about
the duct centerline as indicated by Figure 37.

5.2
5.2.1

Combustion Tests
Test Matrix
Initial plans for the combustion experiments were to perform a combustion test

matrix that was identical to the simulation matrix detailed in Chapter 3.

However,

achieving repeatable ignition at these conditions turned out to be more difficult than
expected. Therefore, operating conditions such as heater temperature, flow velocity, and
fuel flow rate were all varied in order to achieve ignition.

The majority of the

combustion tests were run at an inlet velocity of 40 cm/s and an average external heater
temperature of 55°C. The fuel flow rate needed to gain consistent ignition, as predicted
by FLUENT, was 4 mL/min.
5.2.2

Experimental Procedure
The following procedure was used to perform the ignition tests. First, the voltage

supply was turned on to supply current to the airfoil heaters. Next, the igniter was set to
the desired height.
recorded.

The internal and average surface temperature of the airfoil was

The internal temperature was measured with the thermocouple mounted

through the side of the airfoil. The surface temperature was measured at three different
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points along the width of the airfoil by manually placing a thermocouple on the airfoil's
surface. These measurements were averaged and recorded. When the airfoil reached the
desired temperature of 50°C, the fuel flow valve was opened thereby supplying fuel to the
airfoil. It was important to keep checking on the temperature reading after the fuel valve
was opened because the evaporation of the fuel through the airfoil led to a drop in
temperature by approximately 10°C. When the surface of the airfoil is wetted, the air
flow through the duct is turned on. At this point, adjustments of fuel flow and/or heater
temperature may be necessary to keep the airfoil wet, but not dripping, after airflow is
turned on. After the adjustments are made, the honeycomb was placed in the inlet flange
and the screen was clipped into place. A closed valve supplying nitrogen to extinguish
the flame is positioned near the front of the inlet. Making sure the igniter switch was
turned off, the igniter power supply is turned on and set to 10 V. Once these preparations
are complete, the lights were turned off and the video recording started. When recording
began, the igniter switch was turned on. The switch was turned off immediately after
ignition occurred. If the ignition was successful, the nitrogen valve near the inlet of the
duct was opened to extinguish the flame.
5.2.3

Fuel Vapor Profile
Before attempting to ignite the fuel/air mixture, the fuel vapor profile downstream

of the airfoil was visualized to qualitatively assess the thickness and symmetry of the
free, stratified fuel/air layer. To achieve this, a Rainbow Schlieren system was used. As
detailed in Chapter 4, this system uses the deflection of a light ray as it passes through the
fuel mixture to visualize the mixture.

Figure 38 shows an image produced by the

Schlieren system. The airfoil is to the left of the image as denoted by the outline.
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Figure 38: Rainbow Schlieren test at 40 cm/s

This image was captured for an inlet velocity of 40 cm/s and airfoil surface
temperature an average of 55°C. It shows the fuel concentration gradient that is present
in the flow. This is why the centerline coming off the tail of the airfoil is the same shade
at the top and bottom of the image, because there is no gradient in these zones. While
these fuel concentration results were not quantified, the images provided a qualitative
understanding of how the actual fuel was behaving in the flow. The flow appears laminar
based on the well-defined plume. The Schlieren results also show that the plume appears
to sink. As previously shown, the FLUENT model predicted this as well. This result is
because the fuel (ethanol) has a higher molecular weight than air.

Under these

conditions, the plume sank roughly .011 mm for every millimeter in the x-direction. This
was helpful, along with FLUENT results, to determine optimal igniter position.

74

5.2.4

Flame Ignition
Igniting a flame was successful in the first few attempts. However, subsequent

ignitions proved to be difficult. The conditions from the first test were matched. Many
different igniter positions were tried.

These positions were just below the centerline

where the plume was sinking, along the centerline, as well as above the centerline. The
hotwire igniter was even positioned diagonally top to bottom, but to no avail. After many
failed attempts, ignition with a lighted match was attempted. A sealed hotwire tap in one
of the side walls was opened, and a lit matched was placed in the flow. This was tried a
few time, and successfully only once. The flame ignited when the match was close to a
side wall, in an area where the igniter wire did not reach.
While troubleshooting the ignition problems, the thought occurred that the first
ignition w as d one with a single fuel filler tube installed. However, the improvements
made on the apparatus shortly after the first ignition, namely the second (smaller) fuel
filler line, resulted in insufficient fuel supply into the airfoil. This result was discovered
by calibrating the flow meter for use with ethanol. After the calibration, it was found that
the flow rate that had previously been used was nearly half of what FLUENT had
predicted. After increasing the flow rate and thus increasing the airfoil temperature to
evaporate the higher amount of fuel and eliminate more dripping through the airfoil,
flames were consistently ignited.
5.2.5

Flame Structure
The structure of the flame was very similar to Phillips' triple flame (see Figure 1).

However, as discussed in Chapter 1, in the Phillips experiment the fuel concentration
varied from rich to lean along the height of the duct resulting in half of the flame to be a
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rich premixed flame, and the other half a lean premixed flame. In the present study, the
fuel was concentrated along the center of the duct, with air above and below, presumably

equally diffusing above and below. Since the fuel concentration was not quantified, the
properties of the three branches of the flame have yet to be determined. Specifically, it is
not known which branches are 1ean o r rich. When conditions w ere optimal, the flame
took the shape of a triple flame, with a wing above and below, as well as a trailing branch
along middle, as shown in the side view in Figure 39.

Figure 39: Side view of Free Layers Triple Flame structure

In some cases, the observed flame did not exhibit a triple flame structure but
instead exhibited a random shape (Figure 40). All flames that were successfully ignited
though, had a sideways bell-shape with a curved front.
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Figure 40: Free Layers random structure

Another notable characteristic of each flame was that they did not occupy the
entire duct from front to back but rather spread mainly along either the front or back wall
of the duct. Generally, the flame would ignite along the centerline but propagate towards
the airfoil along a side wall of the duct. Figure 41 shows a top view of one of the flames.
As shown in the figure, the flame is propagating along the back wall of the duct and does
not occupy the entire duct. This result suggests that the experiments performed to date
with the free layers apparatus cannot be readily modeled with a 2-D combustion model.
It should be noted that top views of the flames observed in the prior NASA Layers
apparatus showed that these flames did in fact occupy the entire duct and were thus
nearly two-dimensional.
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Figure 41: Top view of flame propagating towards airfoil with side walls and duct centerline denoted.

The cause of the flames not spreading along the centerline as would be expected
is most likely a fueling issue. The fuel seems to be distributed along the sides of the duct
rather than the centerline. This is discussed in the future suggestions in Chapter 6.

5.2.6

Flame Spread Rates
Obtaining spread rates for flames propagating through a non-uniform, free layer

fuel mixture was one of the main objectives of this thesis. Prior to the present work,
studies had been performed to determine the properties of flame spread through layered
mixtures. However, the characteristics of flame spread through a free layered mixtures
(Figure 7) were unknown.

The flame spread results for free layers are summarized

below.
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A total of 26 flame spread tests were conducted.

Of those tests, 17 were

successful in igniting a flame. From these results, spread rates for 10 of these cases were
acquired. A spread rate is obtained by tracking the image sequence taken during each
run. For a single run, the video was broken into frames. The time between each frame
was 1/30 s. Each frame is then de-interlaced, resulting in video fields with a At of 1/60 s
between each field. Figure 42 shows a typical video field sequence. In this sequence, the
airfoil is on the left side of each image. The flow through the duct is from left to right.
The igniter is positioned downstream, or to the left, in the images.

Figure 42: Video field sequence of flame spread. At=l/60 s between each image.
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After the frames are de-interlaced, the number of pixels that the flame traveled
between each field is noted. A scale factor recorded before each test is used to convert
number of pixels into number of centimeters traversed between each field. Since the time
elapsed between each field is known, the flame spread rate can be found. The data is
then plotted in a spreadsheet to calculate the spread rate. Figure 43 shows a typical flame
position vs. time plot. This specific plot was obtained by tracking the image sequence in
Figure 42.
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Figure 43: Flame spread rate plot corresponding to Figure 42.

A trend line is fit through the data points. If the data is linear, the slope of the
equation fit to the points is the flame spread rate. The position vs. time data plotted in
Figure 43 yielded a spread rate of 148.31 cm/s. It should be noted, however, that the
flame spread rate calculated in this manner is the flame velocity in lab coordinates.
Accounting for the air flowing toward the flame, which in this case is 37 cm/s at the inlet,
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the actual flame speed, in flame-fixed coordinates, is nearly 185 cm/s. While this is an
estimate because the velocity of the air flow along the centerline behind the wing is
slower than at the inlet, this result is similar to the results obtained in prior studies (180
cm/s). (Kaptein and Hermance, 1976; Feng, et al., 1975, Ishida, 1988 and Miller et al,
2002).
In some cases, the position vs. time data did not have a constant slope during the
entire flame spread duration. In these cases, an approximation was made to calculate a
flame spread rate. The non-linear line was broken into sections that were fairly linear.
The slope of each individual section is found, and the average of those slopes is
considered the spread rate.
Table 6 is a summary of flame spread rates found to date.
Table 6: Summary of flame spread rate results.

Test #
10-23 #2

Port #
1

12-11 #1 1 (side)
12-11 #3
1
12-11 #4
1

Airfoil
Flow rate
Internal
(cm/s)
Temp (°C)
36.6
70.3

Airfoil Est.
Surface
Temp. (C)
n/a

Spread Rate
(cm/s)
148.31

Relative
Spread Rate
(cm/s)
184.91

40
40

66
82.2

45
61

148.53
195.31

188.53
235.31

83.9

n/a

136.38 (avg.)

176.38

83.1

66
65

186.6
174.4

226.6
205

12-12 #1

1

40
40

12-12 #2

1

30.6

83

12-12 #4

27.6

217

244.6

40

83.5
80.6

67

12-12 #7

1
2

55

142

182

12-17 #1
12-19 #2

2
2

36.6
40

83.2
75

60
60

134 (avg.)
160.3

170.6
200.3
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As Table 6 shows, the minimum spread rate found was 134 cm/s. The maximum
was 217 cm/s. The average spread rate for all 10 tests is 164.3 cm/s. These speeds are all
in lab coordinates.
The table also shows that the spread rates were not entirely consistent. This can
be seen in Figure 44, where the 10 spread rates that were obtained are plotted against
their corresponding average airfoil surface temperature.
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Figure 44: Flame spread rate vs. airfoil surface temperature.
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6 SUMMARY AND CONCLUSIONS

6.1 Summary of Work to Date
In summary, the main objectives of this study were to design an apparatus to
setup a free-layer stream of a fuel-air mixture and to analyze characteristics of a flame
propagating i n such c onditions. T his research b egan with an initial design concept of
such an apparatus to be used experimentally. The initial design consisted of a flow duct
with a porous, fuel-emitting airfoil along the centerline of the duct. A NACA 0012
airfoil cross-section was chosen for its low-profile, symmetric shape which produced low
drag and had a large surface area to emit fuel.
The development of a non-reacting CFD model of the proposed system followed.
The CFD model was used to characterize the proposed geometry and to ensure that a
flammable mixture could exist in the desired operating conditions. The model showed
that it is possible to setup a flammable free-layered mixture within the duct but that the
flammable region is typically only approximately 1 cm thick (Figure 13, Figure 16). This
result was used to determine optimal ignition locations.

Buoyancy effects were also

examined using the CFD model. The model predicted that, at lower speeds, the fuel
plume sinks rather than rises, due to the molecular weight of the fuel, ethanol in this case,
being heavier than air (Figure 12).
While not a main goal in this thesis, stabilizing a stationary flame is a longer-term
goal of the NASA Layers research study. Accordingly, modeling was done to predict a
flame shape and stabilized location. The flow stabilization calculations were performed
using a correlation for laminar flame speed in uniform mixtures from ethanol data along
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with the exported CFD results. The prediction showed a sideways b ell-shaped flame,
with unstable areas just above and below the centerline. The stationary location was
roughly 8 cm past the tail of the airfoil (Figure 21).
The apparatus that was designed and built was a 78 cm x 10cm x 10cm flow duct.
A porous bronze airfoil was mounted 10 cm from the inlet of the duct along the
centerline. Ethanol was fed into the airfoil through side fueling ports. A stream of air
was forced through the duct parallel to the airfoil to set up the free-layered mixture. The
duct was designed with the ability to converge and diverge, a feature that would aid in
obtaining a stationary flame in the duct.
Once the duct was built, cold flow testing was performed to characterize the fluid
flow within the duct and to compare the measured duct characteristics with CFD model
predictions.

Cold flow testing included hot wire velocity measurements, temperature

measurements and flow visualization. The results showed that the duct produces steady
laminar flow and that the CFD modeling accurately predicts the temperature and velocity
profiles measured in the duct.
After cold flow testing was completed ignition and combustion tests were
performed.

These tests started with fuel vapor profile visualization using a Rainbow

Schlieren system, which agreed qualitatively with the earlier CFD modeling results and
showed the fuel plume sinking (Figure 38).

A total of 26 combustion tests were

performed, producing 17 propagating flames. Under certain conditions, a triple flame
structure formed, with a curved front, wins above and below the centerline, and a trailing
flame "tail" along the centerline (Figure 39). The general structure of the all flames,
though, incorporated sideways bell shape (Figure 40). The average flame spread rate
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obtained from tracking results from 10 different tests was 164 cm/s, with the fastest rate
being 217 cm/s and the slowest being 134 cm/s (all in lab coordinates).
6.2 Conclusions and Suggestions
The experiments presented in this thesis have shown that it is possible to establish
a free-layered fuel-air mixture. Most importantly, it is possible to successfully ignite a
flame in such conditions. The average spread rate of 164 cm/s is comparable to results
found in prior research, relative to laminar flame speeds for uniform mixtures.
However, there were some inconsistencies with the flame spread rate results.
These results appear to be due to flaws in the experimental apparatus. The following will
document some concerns regarding the current apparatus and include some suggestions
for improvement.
One problem observed with the current apparatus is with the airfoil temperature.
To date, the temperature of the airfoil was measured in two ways. The first measurement
consisted of a thermocouple mounted in the side of the airfoil, roughly 1 inch deep. This
thermocouple measures the internal temperature of the airfoil. The second temperature
measurement is a manual scan across the airfoil with a separate thermocouple.

The

surface temperature is the most important because it gives a more accurate measurement
of the fuel temperature, which is evaporating at the surface of the airfoil. Mounting a
thermocouple permanently on the surface of the airfoil will make taking measurements
easier, as well as providing an input into a temperature controller, which will be
discussed next.
The next issue also pertains to the airfoil temperature. The procedure described in
this thesis included manual control of the heaters. However, keeping a constant airfoil
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temperature proved to be difficult and tedious. Every small change in the flow rate of the
fuel affected the temperature of the airfoil, resulting in more adjustments.

Likewise,

changes in flow velocity led to further manual adjustments of the heaters. Installing a
temperature controller to automatically adjust the heaters and keep the surface
temperature of the airfoil constant should make setup easier and reduce prep time.
The airfoil design itself appears to be the cause of the problem of non-uniform
fuel distribution throughout the surface of the airfoil, which is ultimately observed
experimentally via non-uniform surface temperature.

As described in Chapter 4, the

airfoil was machined with an internal fuel cavity.

The initial design concept was

developed to rely on capillary action to pull the fuel through the porous surface.
However, the results showed that when the fuel was fed into the airfoil, the fuel would
collect in a pool. Moreover, and in many cases, depending on airfoil temperature, the
gravitational pressure gradient of the fuel would cause the fuel to drip through the bottom
of the airfoil. If the temperature and flow rate were balanced perfectly, the fuel would
diffuse through the top and bottom surfaces of the airfoil with no dripping.

This

condition was met for each test, though after long setup times. To attempt to correct this,
sand was packed into the airfoil in an attempt to disperse the fuel throughout the cavity.
However, only one test was performed to date with the sand in place. If possible, a new
airfoil should be constructed.
To facilitate the possible redesign of the airfoil, new CFD modeling of the internal
airfoil fluid mechanics is underway at NASA Glenn Research Center (Miller, Personal
Communication 2003).

Specifically, the effects of porosity, gravity and geometry on

surface fuel delivery are being examined.

The results show that, indeed, the bottom
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surface of the airfoil has a much higher fuel delivery rate than the top surface. Moreover,
the results suggest that the overall fuel delivery rate may have been much lower in the
experiments than the CFD modeling predictions presented in Chapter 3 of this thesis,
which assumed constant surface ethanol mole fraction. The new CFD results suggest that
the stratified fuel/air layer might have been much leaner than expected. This result would
explain the ignition difficulties observed experimentally.
Another noticeable cause for concern was that the fuel, being fed into the sides of
the airfoil, collected more near those as opposed to the center. This effect was most
likely the cause of the flames spreading only along the walls (Figure 41). A new airfoil
could again be porous bronze, but with no open cavity in the center. Instead, a fuel
manifold could be installed into the airfoil. Such a design would cause the fuel to be
distributed more evenly about the top and bottom surfaces as well as the full width of the
airfoil.
As mentioned, the flames seemed to ignite closer to the walls of the duct rather
than along the centerline. A possible fix for this would be a redesign of the duct. The
duct is currently roughly square, due to the fact that the airfoil was designed prior to the
research conducted in this thesis.

If the airfoil and duct were designed to be more

rectangular than square with a width much longer than its height, the wall interference
would likely be less evident.
6.3 Future Work
The NASA Layers research project is ongoing at NASA Glenn Research Center
and Rowan University. Now that the free layers apparatus has been designed and built,
an extensive series ofc ombustion and ignition tests can now be performed.
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With the

minor modifications described above, the apparatus should be able to produce repeatable
flame spread through a free stratified layer.
In conjunction with the experimental program, a numerical flame spread model
will be developed to simulate the flame spread experiments. Such a model will be key in
determining the mechanisms responsible for the elevated flame spread rates observed for
stratified layers with respect to purely premixed flames. The mechanisms for elevated
flame spread rate are not completely understood, but likely include aerodynamic and
Lewis number effects.
In addition to the free layers apparatus, work continues on the "floor" layers
apparatus described in Chapter 1. Experiments are being conducted and the numerical
model is being refined to determine the flame structure and assess the effect of
aerodynamic pressure on the flame spread rate.
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APPENDIX A - MASS DIFFUSIVITY CALCULATION

Mass diffusivity of the mixture, 1.38e-05 m 2 /s, was obtained from a linear curve
fit (shown in Figure 45) where the following was plotted in an Excel spreadsheet for a
temperature range of 273 to 333 Kelvin (Chapman-Enskog Theory):

1.86e -03*T

3 /2

--

+ 1
+M eth

P*'r2 * Q(T)

where:
D = diffusivity [cm 2 /s]

T = Temperature [K]
Mair= Molecular weight of air = 28.97 kg/kmol
Meth = Molecular weight of ethanol = 46 kg/kmol
P = pressure [atm]
C12 = average molecular cross section of air and ethanol = 29 Angstrom
Q(T) = Collision integral
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Figure 45: Plot relating mass diffusivity of ethanol-air mixture and temperature from Chapman-Enskog
Theory.
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APPENDIX B - MASS FRACTION CALCULATION

Mass fraction is derived from the mole fraction, which is a function of
temperature and operating pressure:

-

Pe(T)

=__
Seth --

P

where:
Xeth = mole fraction of ethanol
Pv(T) = vapor pressure of ethanol at certain temp. in K
P = system operating pressure
The vapor pressure of ethanol at T = 3 23K w as obtained from a t able r elating
temperature and vapor pressure. (www.s-ohe.com)

Mass fraction is then:

y=

S

Xeth

Xeth (Met)

(Meth)

+ [(1-Xeth

)Mair

where:
Y = mass fraction of ethanol
Xeth = mole fraction of ethanol
Meth = molecular weight of ethanol = 46 kg/kmol
Mair= molecular weight of air = 28.97 kg/kmol
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APPENDIX C - EQUIVALENCE RATIO CALCULATION

The equivalence ratio with respect to y-position was obtained by converting the
mole fraction data. This was done by the following steps:

EquivalenceRatio = -=

)c
IA

)stOich

where (F/A) is the ratio of fuel to air in the reaction.
(F/A)stoich comes from the balanced stoichiometric chemical reaction:
C2H 5 OH + 3(02 + 3.76 N2) - 2C02 + 3H20 + 3(3.76)N2
So:

(F1)

=07

1
3(4.76)

-A rtoch

The actual fuel-air ratio of the experiment can be obtained by using the mole
fraction results from FLUENT:

n

Xfuel fuel
n

total

n

total

fuel

Xuel (total)

likewise:
aiirr = Xair (ntotal )

a

Xair

So:
(F)

A )actual

-

nfuel

Xfuel (ltotal)

nair

Xair (ltotal )

But:
Xar = 1-
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Xfuel

_

fuel
Xair

Therefore:
x ^
X-

(F>
A

Jactual

-

1 Xfuel

Finally, Equivalence Ratio can be found:
fuel

- -t Xfuel
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APPENDIX D - FUEL TUBE DIAMETER CALCULATION

The tubing diameter used to deliver ethanol to the airfoil was not arbitrarily
picked. To ensure the proper flowrate (according to FLUENT results) was being fed into
the airfoil, a calculation was done to determine the needed tube diameter size. This is
explained with the equations below:

r= 8/1l
V 7AP
where:
r = tube radius [m]
Q = flowrate of fuel [m 3 /s]
M = viscosity of ethanol [N-s/m 2 ]
1 = length of tubing [m]
AP = change in pressure in tubing [Pa]
The flowrate of ethanol is obtained from the FLUENT model. Viscosity is taken
from properties tables at room temperature. T he 1ength o f t he tubing w as determined
simply by experiment placement. Change in pressure was obtained from the following
equation:

AP =(pgh+Pt

)-Patm

where:
p = density of ethanol [kg/m 3 ]
g = gravity [m/s2]

h = height of tubing [m]
Patm = atmospheric pressure [Pa]
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APPENDIX E - HOTWIRE CALIBRATION

The TSI hotwire (Model 1210) used for taking flow velocity measurements
needed to be calibrated before being used. This was accomplished by placing the hotwire
at the outlet of a converging nozzle through which a known mass flow rate was flowing.
The mass flow rate settings and corresponding hotwire readings were entered into an
automatic spreadsheet which calculated the hotwire calibration curve.
The main concern with this technique was that the velocity profile of the air at the
outlet ofthe nozzle was assumed to be flat. This, of course, is incorrect. The actual
profile is dome-shaped with the highest velocity along the centerline. To correct for this
velocity profile, FLUENT was used to model the outlet of the nozzle. Eight different
cases were run at different flow velocities. The results were then output to a spreadsheet.
The data in the spreadsheet was plotted for each case. The outlet profile for a 14.18 cm/s
inlet velocity is shown in Figure 46.
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Outlet Velocity Profile
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Figure 46: Outlet velocity profile for nozzle used to calibrate hotwire.

For the eight cases ran, the ratio of the centerline velocity for each to the average
outlet velocity for each case was plotted against the average outlet velocity. A trendline
was fit to the resulting curve. This plot is shown in Figure 47.
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Hotwire Nozzle Calibration 8/7/2002
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Figure 47: Plot of velocity results of each nozzle modeling case ran to be used as a correction factor in
final hotwire calibration.

The equation obtained from the trendline was used as a correction factor in the
hotwire calibration spreadsheet. The final calibration for the hotwire is shown in Figure
48.
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Final Calibration
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Figure 48: Final Calibration for hotwire relating hotwire voltage output to flow velocity.
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APPENDIX F - ROTAMETER CALIBRATION CURVE

Flowmeter Calibration - Ethanol
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Fiigure 49: Rotameter calibration curve for ethanol
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APPENDIX G - AUTOCAD DRAWINGS OF DUCT
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Figure 50: AutoCAD drawing of inlet flange
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Figure 51: AutoCAD drawing of outlet flange
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Figure 52: AutoCAD drawing of duct side
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Figure 53 AutoCAD drawing of duct top
Figure 53: AutoCAD drawing of duct top

105

)
Irrl

l
I

l
111i1

Figure 54: AutoCAD drawing of duct bottom
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